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The objective of this study was to develop a research platform using a John Deere
425 Hay Cuber and to evaluate in-field densification of grass-based biomass for energy
fuel sources. The hay cuber was repaired, modernized, and instrumented to provide a
stable test platform on which to quantify and evaluate operating parameters.
Bermudagrass was chosen as a model for cubing energy grasses such as Giant miscanthus
and switchgrass. Lignin sulfonate binder was added to windrowed bermudagrass at 27.6
kg/tonne (50 lbs/ton) to increase the lignin content to that of energy grasses. The material
output from the cuber was collected and separated into cubes and fines to evaluate the
effectiveness of densification operations. Bermudagrass treated with binder produced
significant regressions that accounted for 83% of variation in production parameters.
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CHAPTER I
GENERAL INTRODUCTION
Introduction
One of the emerging trends is the conversion of herbaceous lignocellulosic
biomass from its original form into a product similar in form to current fuels utilized in
energy production facilities. Conventional means of harvesting and transporting these
fuel sources exist, but it is possible to improve upon their efficiencies by densifying the
biomass to improve its handling characteristics. Producing a product tailored to transport
within current grain handling infrastructure and increasing its bulk density to maximize
the energy to size ratio will help in keeping the overall energy costs of the product to a
minimum.
The current process of densification of these products requires multiple steps (fig.
1). The process of harvesting biomass in the field typically consists either of a wet or dry
chop method or allowing the material to dry and then baling it. Utilizing any of the
methods, the biomass is then transported to a facility where it is densified into pellet,
briquette, or cube form to produce a denser, more manageable product for handling and
transportation. While this satisfies the demand of producing the desired finished product,
this process is energy-intensive and requires a great deal of capital expense for
specialized equipment and facilities to handle and densify the biomass.
A solution to this dilemma is to densify the product at the time of harvest to
provide an easily transported product directly from the field in the form necessary for
1

energy production. By densifying biomass at its source, we can eliminate the need for
costly facilities and equipment required to perform this activity. This densified material
can be integrated into current grain handling systems due to its physical properties
allowing it to flow within the system.
History
The process of densifying herbaceous material into cubes has been utilized for
many years. Beginning in the 1950’s, the Lundell Manufacturing Company (Cherokee,
IA) produced two styles of cubing machines, a stationary model for facility use and a
towable model for use in the field. In the early 1960’s, John Deere Ottumwa Works
(Ottumwa, IA) began work on a self-propelled hay cuber as a means to densify alfalfa in
the field. In 1965, John Deere released the first machine, the John Deere Model 400 Hay
Cuber. The early design was problematic and was subsequently pulled from production
in November 1968 while a redesign of the machine took place. To avoid losing market
share, John Deere released a self-contained, transportable cuber the same year, the Model
390. In 1970, John Deere released an updated self-propelled Model 425 Hay Cuber.
Production continued until 1979, when production of Models 390 and 425 ceased.
In 1966, Cecil Warren and Bob Baerg (Warren and Baerg Manufacturing, Dinuba,
CA) purchased their first John Deere Model 400 Hay Cuber. Realizing some of the
limitations of the John Deere design, they began producing more durable and upgraded
replacement parts for the machines that they owned and used. In 1974, they began
offering these parts to consumers as well as providing service and repair for the hay
cubers. When John Deere ceased production in 1979, Warren and Baerg began
production of their own stationary/transportable hay cuber based on the John Deere
2

design but utilizing the improvements that they had developed. Warren and Baerg
Manufacturing is currently producing stationary model cubers (200HD, 250, and 300)
(fig.2) that can condition and cube multiple materials at 5.4-9.1 tonne · h-1 (6-10 ton · h-1)
(Warren and Baerg, 2008).
In-field Cubing Problems
The failure to produce densified material that will retain its shape and mass with
in-field cubing equipment can be attributed to the inability to control many of the
parameters associated with cube formation. Material uniformity, feed rate, ambient
temperature and humidity levels, material moisture content, die temperature and
pressures all influence binding of herbaceous materials. Moisture content of herbaceous
material must be within a narrow acceptable range of 10% to 11% in order to produce
quality cubes (D.C. Payne, personal communication, 20 October, 2008). Herbaceous
biomass is very sensitive to moisture content and variations in the amount of sunshine or
rainfall or the spatial variation in drying can be detrimental to cube quality.
Inconsistencies throughout a field in the distribution of material within a windrow can
create non-uniform material feed rate resulting in material forced out of the machine
without adequate residence time within the die passages to bond, resulting in the
generation of unrecoverable fines that will not be densified.
Due to these uncontrollable factors of in-field production, current cubing
operations are typically conducted at facilities where variability can be minimized.
Current facilities can regulate ambient temperature and humidity and stationary machines
can condition and adjust the material temperature, moisture content, die temperature, and
feed rate according to conditions that successfully produce cubes. Additionally, fines
3

generated during operation can be separated and collected for reintroduction into the
cubing process and virtually eliminate much of the material loss associated with in-field
operations. Throughput of cubing facilities is also much greater than with current in-field
operations. Current stationary machinery typically can cube 5.4-9.1 tonne · h-1 (6-10 ton ·
h-1) of material (Warren and Baerg Manufacturing, Inc., 2006) while the older John Deere
425 Hay Cubers are limited to a cubing rate of approximately 1.8-3.6 tonne · h-1 (2-4 ton ·
h-1) of material in ideal conditions (Deere and Co., 1979). However, if cubing grass in
the field can be demonstrated, development of larger machines with multiple cubing units
is feasible.
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Figure 1

Typical biomass densification process from Sokhansanj and Turhollow
(2004).

5

Figure 2

Warren and Baerg Models 200HD (top), 250 (middle), and 300 (bottom)
cubers.
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CHAPTER II
IN-FIELD HAY CUBING PROCESS AND MACHINE MODERNIZATION
Introduction
The John Deere 425 Hay Cuber uses a roller and die mechanism to densify hay
into a cube (Deere and Co., 1979). Hay is cut and allowed to dry or cure to the desired
internal moisture content prior to windrowing. Deere and Co. (1979) recommend that the
hay be harvested with a windrowing crimper-style that breaks the stem of the hay to aid
in uniform drying. Once the desired moisture content (< 12% in alfalfa) is achieved, the
hay is ready to be cubed. The cuber (fig. 3) applies water with 6 flow-selectable spray
nozzles to the material to aid in the cubing process (1). The hay cuber uses a finger-style
pickup (2) similar to a commercial round hay bale with the addition of an auger (3)
similar to a grain combine that feeds the hay into the throat of the machine. Once inside
the throat, two sets of rollers (4, 5) convey the material into a reel-type, rotating twoknife cutter head (6) to reduce the size of material and mix the hay. Once the material
passes through the cutter head, an auger (7) delivers the blended hay to the 66 openings
in the die ring (9) where a large press wheel (10) forces the material into the openings.
As additional material is forced into the openings, resistance from dies causes heating and
compression, causing the hay to bond together into cubes. The newly formed cubes
emerge from the outer surface of the die ring where they are broken off in 5.1 to 7.6 cm
(2 to 3 inch) inch lengths by a deflector (11) and fall onto a conveyor (13) that transports
them to the rear of the machine and up an elevator (14) to a collection wagon.
7

Figure 3

Cut away illustration showing the complete process of in-field cubing with
the John Deere 425 Hay Cuber (Deere and Co., 1979).
Modernization

The test platform was a 1974 John Deere 425 Hay Cuber. Due to the initial
condition of the machine (fig. 4), it was necessary to refurbish it in order to be used as a
suitable test platform. Although the power plant and transmission were in acceptable
mechanical condition, many of the other systems and components were not. The
following sections illustrate these areas of restoration.
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Figure 4

Illustration of the 1974 John Deere Hay Cuber in its initial condition.

Structural Fabrication
Many of the original body panels were either missing or in such disrepair that
they required fabrication of new replacements (fig. 5 and 6). Additionally, many of the
bearings and bearing seals were in need of replacement. Drive belts and chains and tires
were replaced. An access panel was fabricated into the front of the feeder housing (fig.
7) to allow operators to more easily remove plugged materials and manage internal
components. After the machine was mechanically sound, the entire machine was
sandblasted, primed, and painted (fig. 8).
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Figure 5

Fractures in the sheet metal (l) were welded for structural integrity (r).

Figure 6

Areas of material buildup such as the corners of the reel housing (l) were
cut out and replaced with panels (r).

Figure 7

An observation door (l) was installed for component management and to
speed up material plug removal (r).
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Figure 8

The 1974 John Deere 425 Hay Cuber with new paint and modifications
completed.

Cubing Mechanism
The entire cubing mechanism was removed from the flighted tub for inspection
and replacement of worn bearing and seals (fig. 9). The two blade rotary chopper
between the feeder housing and tub was inspected and sharpened. Additionally, the
original standard 3.18 cm (1.25 inch) straight dies were replaced with a 0.08 cm (0.03
inch) tapered die design (fig. 10) developed by Warren and Baerg Manufacturing, Inc.,
Dinuba, CA. The tapered die allows more material to enter the die opening, thus
increasing both the pressure and temperature within each die passage. According to
Warren and Baerg (2009), these characteristics make the process less sensitive to the
moisture content of the material being cubed.
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Figure 9

(l) External view of cubing mechanism, (m) die housing removed to show
press wheel and internal flighting, (r) removal of press wheel reveals
chopper at tub inlet.

Figure 10

Comparison of dies: John Deere standard 1¼” x 1¼” die without taper (l),
Warren and Baerg 1¼” x 1¼” 0.030” tapered die (r).
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Water System
The cuber water system was also in need of repair. The water tank had holes, the
water lines showed severe decay, and the chain-driven water pump did not function. The
metal water tank was replaced with a 946-liter (250-gallon) polypropylene tank
(CAW0250-24, Den Hartog Industries, Inc., Hospers, IA) (fig. 11a). The pump was
replaced with an electric diaphragm pump (7870, Delavan, Minneapolis, MN) delivering
up to 28.4 l · min-1 (7.5 gpm) at 414 kPa (60 psi). Additionally, all of the hoses,
connectors, filters, pressure regulator, and fittings were replaced according to the original
John Deere design to ensure proper operation. The manual nozzle selector valve was
replaced (50432-2, Delavan, Minneapolis, MN), providing the ability to select between
each pair of nozzles or combination of these pairs, as specified in the original design. Six
new fan nozzles (8003, Teejet, Carol Stream, IL) (fig. 11b) were also installed to provide
1.14 l · min-1 (0.3 gpm) each, providing a total flow of 6.81 l · min-1 (1.8 gpm) at 310 kPa
(45 psi) when all pairs of nozzles are selected for operation.

13

Figure 11

Water Application System. (a) 250 gallon poly tank (b) six nozzles
mounted across reel frame.

Electrical System
The wiring harness and electrical system (fig. 12a) were also in need of repair.
Years of decay and neglect, coupled with several modifications made the system
unreliable. A new wiring harness (fig. 12b) was constructed using the John Deere wiring
schematic (Deere and Co., 1979). The same color-coding and routing was followed with
exceptions for new and future instrumentation circuitry added to the system. Conductors
were sized one size larger than in the original harness and fused according to the
associated load within each corresponding circuit. Relays were installed to pass highcurrent loads to the starter instead of the ignition switch itself, providing further
protection to the wiring harnesses integrity.
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Figure 12

Illustration of old (a) and new (b) electrical system.

Data Acquisition System
A data logger (CR1000, Campbell Scientific, Logan, UT) was installed in a
watertight enclosure (NBE-10567, Bud Industries, Willoughby, OH) behind the
operator’s seat. Five Type-T thermocouples (fig. 13) were bonded to the dies around the
exterior ring to log die temperatures during cubing operations.
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Figure 13

Illustration of data logger and thermocouple locations (five total).
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Preliminary Data Collection
A standard operating procedure was developed for operation of the John Deere
425 Hay Cuber platform. At the beginning of each trial, the cuber was started, the cubing
mechanism engaged, and run at full-throttle for a period of ten minutes to allow the dies
to warm to operating temperature. Test rows of bermudagrass were laid out in 61 m (200
ft.) sections and were divided and marked as follows:
1. An initial 30.5 m (100 ft) section of material to ensure the cubing mechanism
reached operating temperature.
2. A second 30.5 m (100-ft) section marked in 7.6 m (25-ft) increments for sample
collection.
The cuber was operated on each test row at full-throttle in first gear with the
variable drive speed selector set at the lowest speed setting of approximately 0.31 m · s-1
(~ 1.02 ft · s-1) (fig. 14). During the first 30.5 m (100 ft) of operation, no samples were
collected. Once the machine reached the first 30.5 m (100 ft) marker, a 102 l (27 gal)
plastic container was placed under the unloading auger and all material being discharged
was captured until the vessel was filled or the end of the section was reached. Three 3.8 l
(1 gal) grab samples were taken at the 7.6, 15.2, and 22.9 m (25, 50, and 75 ft) markers.
The rows were randomized throughout the entire field to ensure that different material
moisture contents were introduced into the cubing mechanism.
The three grab samples were combined and blended on a per-row basis to achieve
a representation of the average moisture content for each row. Samples were subjected to
a continuous 103°C for 24 h as required in ASAE S358.2: Moisture Measurement –
Forages 2008.
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Figure 14

Field operation of the cuber illustrating cube/fine collection on a trailer.

The material collected in the containers was weighed and sifted through an
expanded metal sieve with openings of approximately 2.54 cm (1 in). The sample was
emptied onto an expanded metal sieve that, when shaken, allowed the fines to pass
through and be collected on a sheet of pre-weighed plastic (fig. 15). The resulting
weights of the separated material was used to achieve a percentage of cubes to fines
produced for each sample
%

100

(Equation 1)
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Figure 15

Students sieving samples to separate cubes and fines.
Preliminary Results

The preliminary investigation showed correlations between the moisture content
of the herbaceous biomass and its ability to be densified into cubes (fig. 16). Cubes were
produced in materials with moisture contents between 9% and 23%. A greater number of
intact cubes were produced in the 9% to 16% moisture content range. At the 15%
19

moisture content, 79% of the material was densified into cubes. There were no cubes
formed at the 25% moisture content.
During the preliminary investigation, die temperatures were measured with
thermocouples bonded to the die ring at positions 0°, 45°, and 90° from top dead center in
both directions. During the warm-up period, all thermocouples indicated that the dies
heated evenly (fig. 17). During operation, temperature increases were observed as the
material throughput increased. Die temperature in the rear position of the die ring (fig.
11, location 1) was lower than the others during cubing, likely resulting from less
material being introduced into this area of the die ring. Fewer cubes were produced in
this position of the die ring during operation.

Figure 16

Regression of cube production with moisture content.
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Figure 17

Illustration of die temperatures as a function of cuber operation.
Conclusions

At the beginning of this project, the John Deere 425 Hay Cuber was in poor
condition and required modernizing the machine for research applications. Sheet metal
parts were fabricated for panels that were missing or severely damaged and major
systems (water, electrical, hydraulic) were upgraded to improve reliability. The original
dies were replaced with a tapered die to improve cubing performance.
A preliminary investigation showed correlations between the moisture content of
the herbaceous biomass and its ability to be densified into cubes. The best cube
production was demonstrated from 9% to 15% moisture content. Increased die
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temperatures were determined to be a function of operating time and ranged from 60° to
95°C (140° to 203°F) as visually represented in figure 17.
The John Deere 425 Hay Cuber shows promise as being a suitable test platform
for producing cubes in the field. However, present cubing performance is not at an
acceptable efficiency level. Further investigation should be conducted utilizing a
material binder to improve the percentage of cubes developed.
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CHAPTER III
EFFECT OF LIGNIN-BASED BINDER ON DENSIFICATION OF BERMUDAGRASS
HAY USING A JOHN DEERE 425 HAY CUBING MACHINE
J.W. LOWE, J.D. DAVIS, J.L. PURSWELL,
D.E. ROWE AND B.S. BALDWIN
Introduction
Alternative energy production has become a major focus in recent years to
alleviate our dependence on petroleum products and to produce clean, renewable energy
that can meet the ever-increasing demand for energy resources. One area that is being
investigated for production is the utilization of biomass and biomass feedstock to meet
part of these needs. It is estimated that annually within normal agricultural production,
there are approximately 454 million tonnes (500 million tons) (dry basis) of available
biomass comprised of field crop residues, wastes from viticulture and tree maintenance
and harvest, animal manures and other wastes, and wastes from agricultural crop
processing that contain stored energy that could be utilized for energy production.
However, environmental considerations and impacts such as organic residue removal and
ecosystem detriment will ultimately limit the ability for the full amount of these resources
to be removed and utilized (Jenkins and Sumner 1986). There exists increasing interest
in producing crops solely for energy production.
Grasses such as miscanthus and switchgrass have been shown to be a viable
herbaceous perennial feedstock for energy production because they produce high annual
24

yields on marginal lands, such as is found in the Conservation Reserve Program
(Sokhansanj et al., 2009). Other species of herbaceous biomass have also shown promise
for these same needs. However, the low bulk densities of these feedstocks create
physical and economic limitations to their successful implementation (Mani et al., 2006).
Annual harvest intervals may limit the ability to continually supply energy conversion
facilities unless densification to improve handling, transportation, and storage related
issues are resolved (Hess, et al., 2009). [Research has been previously undertaken to
develop an interactive supply and logistics model in order to analyze and address these
issues and to more effectively handle the emerging densified biomass energy crops to
facilities for conversion into a useable form (Sokhansanj, et al., 2006).]
Densification
At present, post-baling densification takes place at an off-farm facility and
involves numerous handling and processing steps (fig. 18) before being rendered into a
desired form (Sokhansanj and Turhollow, 2004). One solution in reducing these costs is
to use an in-field hay cuber to densify the biomass at its source during harvest and
eliminate the need for the additional infrastructure, multiple handling steps, and their
related expenses (fig. 19).
Cubes or wafers are similar in nature to pellets and grains and, thus can be
handled in systems designed for these materials. The cubing process utilizes a larger
particle size and produces lower bulk densities than that of pelleting (table 1) resulting in
a reduction of operations to render satisfactory production (Sokhansanj and Turhollow,
2004). In order for these particles to adhere to one another and form an interconnected
product in alfalfa, a force must be applied that crushes the plant stem releasing naturally
25

occurring adhesives to bond the interlaced individual particles together and overcome the
resistivity to binding of trapped moisture within the plant (Pickard et al., 1961).
The cubing or wafering process traditionally utilizes one of three densification
methods; a roller process, a reciprocating plunger (Dobie, 1962), or a combination
machine with a roller and die mechanism as found in the self-propelled hay cuber (Deere
and Co., 1979). Self-propelled field cubing operations experience variables that limit
productivity such as weather related factors, cubing material condition (such as growth
stage or moisture content of the plant), and labor related issues (Curley et al., 1973).
Typically, field cubing operations can produce approximately an average of 3.6 tonne (4
tons) of cubed material in alfalfa per hour versus 5.9 to 6.3 tonne (6.5 to 7 tons) with a
similar capacity stationary unit.
Much of the success with hay cubing as a densification process has been with
alfalfa due to the naturally occurring starches within the plant that aid in the adhesion
process (Poore et al., 1968). Development of cubing machinery targeted alfalfa and other
legumes because of their ability to naturally adhere and bind themselves (Dobie, 1975).
Typically, grasses do not perform as well using traditionally accepted cubing practices
and infrequently produce cubes capable of maintaining their shape and density (Poore et
al., 1968). Therefore, when dealing with most other grasses and other material, a binder
will be necessary to produce cubes both dense and durable enough for handling and
transporting (Dobie and Carnegie 1973).
Binding Agents
Binders are commercially available in a number of materials [pre-gelatinized
starches, ammonium sulfated lignin, a molasses, liquid phosphoric acid, and urea
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mixture, and urea exclusively], but are typically classified as either liquid or dry. Dry
binders are generally blended with the material to be densified and typically require an
outside source of moisture such as steam for activation. Liquid binders are either blended
with the material for uniform distribution or applied to the surface of the material before
the densification process and do not require additional moisture for activation.
Binders have been used successfully in the pelleting of feed products. Young and
Pfost (1962) were able to improve pellet durability using colloidal binders over pellets
produced without the aid of a binding agent in three poultry feeds. Pfost (1964)
demonstrated the ability to improve pellet durability in feed rations and produce durable
pellets with a thinner die than without a binder, resulting in lowered energy input costs
and a more efficient pelleting process.
Previous studies have indicated that cereal straws are significantly more difficult
to cube than legumes and typically do not produce a cube of suitable quality and
durability using conventional means for cube production (Dobie and Garrett 1972). In
studies on rice straw for livestock feed, cubes with suitable properties were created when
a binder was introduced into the cubing process. Dobie and Carnegie (1973) showed that
overall liquid binders were more successful in producing quality cubes in harder to cube
material (i.e. barley straw) than dry binders using a stationary cuber. In a comparative
trial with commercially available binders (pregelatinized starches, ammonium sulfated
lignin, a molasses, liquid phosphoric acid, and urea mixture, and urea exclusively) on
cubing rice straw, Waelti and Dobie (1973) found that all but the urea binder produced
wafer durability at or near 80% and wafer densities above 513 kg · m-3 (32 lbm · ft-3).
Dobie (1972) also attained similar success in densifying waste wood shavings by utilizing
a binder to adhere them into a denser, more manageable product. With each of these
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examples, the addition of a binder proved to be an effective means to successfully cube
materials that otherwise could not be consistently and successfully densified (Dobie and
Carnegie, 1973).
Objective
The objective of this study was to investigate the effect of a material binder on the
densification of bermudagrass as a model for energy grasses like switchgrass.
Materials and Methods
Field operations were conducted on Bermuda grass pastures from September 1-4,
2010 at the Joe Bearden Dairy Research Center, Mississippi State University, Sessums,
MS. Bermuda grass was cut and conditioned with a mower conditioner (635 MoCo,
Deere and Co. Ottumwa, IA). The hay material was allowed to dry for 24 h before
windrowing using a hay rake (WR1008, Deere and Co, Ottumwa, IA). For each of four
daily trials, eight windrows of bermudagrass were created across each field. Windrows
were lettered A through H from east to west of the field (fig. 20). A preliminary cubing
study determined that an optimal windrow size was created by removing the two pair of
outer wheels (4 total) on the hay rake and windrowing a swath of approximately 3.7 m
(12 ft) of cut grass. It was determined that windrow mass was 0.6 ± 0.03 kg · m-1 (0.4 ±
0.02 lbm · ft-1).
At the beginning of each windrow, a 7.62 m (25 ft) section of grass provided
material to ensure treatment discharge from the previous windrow. After the 7.62 m (25
ft) section, three 30.48 m (100 ft) sections were established to collect subsamples for each
row (fig. 21). Each section (1, 2, and 3) was marked with flags to indicate collection of
test sample.
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Binder Application
A liquid lignin sulfonate binder (Super-Bind® Liquid, Uniscope, Inc., Johnstown,
CO) was used in this experiment due to its pre-mixed form and ease of field application
to windrowed grass. The binder had a recommended application rate of 10 to 40 kg (20
to 80 lbm) of binder per ton of material. A binder application rate of 27.6 kg · tonne-1 (50
lbm · ton-1; median rate) was selected for this trial to increase the lignin content of the
bermudagrass to a level equivalent to the targeted energy grasses Giant miscanthus and
switchgrass.
Binder was applied to selected grass windrows with an 11.3 l (3 gal) capacity
backpack sprayer (473-P, Solo, Newport News, VA). Initial tests with the backpack
sprayer and pure binder proved difficult to spray due to the thick consistency of the
binder. It was determined that the binder should be combined with water to facilitate a
more even distribution of the binder over the windrowed material. The binder was
diluted until the spray pattern was uniform; 0.5 l binder/ l water (0.13 gal/gal). The
solution was mixed thoroughly by shaking the backpack sprayer vigorously for a period
of one minute. The final flow rate was tested ten times resulting in an average of 1.9 ±
0.02 1 · min-1 (0.5 ± 0.004 gal · min-1). To improve the uniformity of the application
method, the same operator calibrated and applied all binder for the entire experiment.
Cubing Machine Operation
A standard warm-up procedure was used to prepare the hay cuber (Model 425,
John Deere, Ottumwa, IA) for operation. First, the machine was started and run at full
throttle with the cubing mechanism engaged for a period of five minutes to allow the dies
to warm up. Second, the cubing machine was driven to an adjacent test plot with
Bermuda grass windrows and operated to free the dies of any residual material plugs that
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may affect the trials. Once the machine reached full operational level, the machine was
moved to the first row of the test material.
For each row, material was collected for each 30.48 m (100 ft) section during
cubing (fig 22). Cubes and fines for each section of windrow were collected in plastic
container and transferred to large heavy-duty plastic bags. This process was repeated for
subsequent test sections and trials.
Material Sifting
Material collected from the hay cuber was sifted to determine the efficiency (eq.
1) of cube production for each treatment. Each sample was weighed on a balance (SX1002, Circuits and Systems, Inc., East Rockaway, NY) and placed on an inclined sifting
table to remove fines (fig. 23). The table was constructed at an approximate incline of
20° with expanded metal grating having a nominal opening size of 2.54 cm (1 in). Two
vibrators (SPWT-80, Vibco, Wyoming, RI) were attached at one-third and two-third of
table length along the centerline of material flow. An 11.3 kg (25-lb) weight suspended
from the center of the table produced an oscillation with the vibrators. This assisted in
the conveyance of the material cubes across the table and allowed fines to drop through
the openings in the expanded metal grating. Cubes were collected in plastic containers
while fines were collected on plastic sheeting below. Both materials were weighed and
compared to initial weight for recovery determination (Eq. 2).
%

100

(Equation 2.)

Moisture Determination
One grab sample was taken across each test section of windrow before cubing. A
second grab sample was taken from the cubing machine discharge during collection.
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Initial moisture content (MCinitial, wet basis) and post-cubing moisture content (MCcube,
wet basis) were determined according to ASAE (2008). Grab samples were placed in
pre-weighed aluminum sample dishes and contents weighed using a balance (Excellence
XA, Mettler Toledo, Columbus, OH). Each sample was placed in a preheated oven
(LB305565G, Lindberg Blue/M, Waltham, MA) at 103 °C for 24 h. Moisture content was
calculated using Equation 3.
100

(Equation 3)

Data Analysis
Four trials with four replications (hay windrows) were used to test the treatments
of binder (four windrows) and no binder (four windrows) on cubing efficiency in a
randomized complete block design (day = block). Treatment application was applied on
alternating rows to reduce spatial field effects (fig. 20). Cubing was performed on one
treatment (four rows), then transitioned to perform the remaining treatment (four rows)
each day. Cubing began on alternating treatments each day to reduce the effect of time of
day. Measurements included MCinitial, MCcube, Tamb, Tdie , Feed Rate (FR), %cubes.
Analysis of variance was performed using a mixed model (PROC MIXED, SAS
ver. 9.2, 2011). Least square means were calculated for each treatment. Means were
separated using Fisher's LSD and level of significance was established at α = 0.05.
Second, a linear regression model was performed using the PROC REG procedure (SAS,
2011) to describe the relationship between the dependent variable %cubes and the
independent variables MCinitial, MCcube, Tamb, Tdie , FR for each treatment. Parameters
were considered significant at α = 0.05 level.
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Results
A significant difference between binder (p = 0.0067), day (p ≤ 0.0001), and the
interaction of binder and day (p = 0.0017). The significance of day was due to day 1
being different from days 2, 3, and 4. On day 1, no binder treatment produced slightly
more cubes (66.7 ± 1.5%) than binder (64.4 ± 1.7%) thus creating an interaction with
days 2, 3, and 4 (fig. 24). Day 1 was removed from the data set and analysis continued.
The second ANOVA showed a difference between binder (p = 0.0005) and the
interaction of binder and day (p = 0.0168), however day was not different (p = 0.1408).
Mean %cubes for no binder and binder were 73.6-± 1.0% and 78.9 ± 1.0%, respectively.
Mean %cubes for day were 60.9 ± 1.2%, 60.7 ± 1.2%, and 63.2 ± 1.2%, for day 2, 3 and
4, respectively. Figure 25 illustrates binder by day differences. Day 3 did not show a
difference for cube production between treatments but day 2 and 4 demonstrated higher
cube production for the binder treatment. Interestingly, the binder treatment was applied
and cubed first on days 2 and 4 whereas it was applied and cubed after no binder on days
1 and 3. No apparent trend in parameters (Table 2) explains this trend in cube
production.
Since the treatments of no binder and binder were different, separate regression
models were performed for each. Cube production (%cubes) was analyzed for
covariance with independent variables MCinitial, MCcube, Tamb, Tdie , and FR for each
treatment. No regression models for %cubes were significant for the no binder treatment.
Furthermore, they could only explain at best 26.2% (r2) of the model variation. However,
the addition of binder resulted in significant (p ≤ 0.001) models for % cubes. Significant
parameters included MCcube and FR explaining 83.5% of the variation.
% Cube = -2.933 MCcube – 0.204 FR +132.8
32

(Equation 4)

MCcube is dependent on MCinitial, and the amount of water applied to the grass
while entering the cuber as well as the heat created by the friction of the grass within the
dies during cubing. The effect of FR, or the amount of material being fed through the
machine, has influence on Tdie (friction). As FR is increased, Tdie should increase. Since
variations inherently exist within all growing crops, these parameters are not easily
controlled.
Conclusions
This study evaluated the effectiveness of applying a binder to improve in-field
cubing of bermudagrass as a model for other energy grasses. Lignin sulfonate binder was
applied at a rate of 25 kg · tonne-1 (50 lbm · ton-1). The treatments of no binder and binder
resulted in cube production of 73.6 ± 1.0% and 78.9 ± 1.0%, respectively. The treatment
of binder improved cube production by 5.3% as compared to no binder. Cubing without
a binder resulted in no correlation between measured parameters of MCinitial, MCcube,
Tamb, Tdie , and FR on %cubes. However, cubing with a binder accounted for 84% of the
variation in our regression model. The regression model for %cubes (binder) resulted in
significant terms of MCcube and FR. Adding a binder to the cubing process removes
much of the variability within the process and allows for a more accurate prediction of
cube production, thus providing the ability to regulate and control the process with a
greater level of certainty.
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Table 1

Densities of different densification methods (Biomass Handbook, 1989).
Method

Density (kg/m³)

Density (lb/ft³)

Ground

100

6

Baling

200-640

13-40

Cubing

640

40

Pelleting

640-950

40-60

Table 2

Day by Treatment Comparison of Means.
Means for Each Input Variable

Treatment

No Binder

Binder

Day

MCinitial MCcube

Tamb

Tdie

%

%

°F

°C

°F

1

9.40

20.48

90.67

32.59

2

8.05

15.40

91.67

3

11.65

15.59

4

10.04

Mean

Feed Rate

%
Cubes

°C lb/min kg/min

%

186.95

86.08

19.00

8.62

66.7

33.15

181.42

83.01

24.65

11.18

70.1

91.18

32.88

178.42

81.34

34.63

15.71

75.1

15.57

91.12

32.84

183.73

84.29

20.83

9.45

75.5

9.79

16.76

91.16

32.87

182.63

83.68

24.78

11.24

71.85

1

8.63

20.58

89.60

32.00

192.44

89.13

21.98

9.97

64.4

2

9.08

14.92

93.10

33.94

173.04

78.36

26.15

11.86

80.5

3

11.20

15.43

90.52

32.51

182.98

83.88

35.36

16.04

75.1

4

10.58

15.74

88.99

31.66

180.34

82.41

21.03

9.54

81.0

Mean

9.87

16.67

90.55

32.53

182.20

83.44

26.13

11.85

75.25
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Figure 18

Typical biomass densification process from Sokhansanj and Turhollow
(2004).
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Figure 19

John Deere 425 Hay Cuber operating on a windrow of bermudagrass at the
Joe Bearden Dairy Research Center, Mississippi State University.

Figure 20

Experimental layout of field operations. (EU = experimental unit)
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Figure 21

Windrow sampling scheme. (EU = experimental unit)
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Figure 22

Student collecting output from chute of cuber into plastic containers.
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Figure 23

Inclined sifting table used to separate samples into cubes and fines.
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Figure 24

Illustration of cube production (% Cube) for 2 treatments over 4 days. A,
B denote significant difference (p<0.05).
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Figure 25

Illustration of cube production (% Cube) for each day and treatment. A, B,
C denote significant difference (p<0.05).
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CHAPTER IV
OVERALL CONCLUSIONS
A John Deere 425 Hay Cuber was refurbished and fitted with instrumentation for
data collection. Bermudagrass was selected to be used as a model for energy grasses.
Initial testing indicated that cube production was related to the moisture content of the
bermudagrass; as moisture content increased, cube production decreased. A larger
number of cubes were produced when the moisture content was at 8% to 15%. However,
repeatability of results proved difficult. Through review of previous densification
research, it was determined that a material binder should be investigated to aid in the
densification of bermudagrass.
In the second study, lignin sulfonate binder was applied to windrowed
bermudagrass hay at a rate of 27.6 kg · tonne-1 (50 lbm · ton-1). Cubes and fines were
separated and a percentage of cubes produced was calculated. An analysis of variance
was performed on the resulting data and regression models developed. No regressions
were significant for the treatment no binder and the best was only able to account for
23% of the variation in the regression. Several regressions were significant and were
able to account for almost 90% of the variation. Adding a binder to the cubing process
removes much of the variability within the process and allows for a more accurate
prediction of cube production, thus providing the ability to regulate and control the
process with a greater level of certainty.
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